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is evidence that type I and type I11 pigment proteins are closer to the core complex than type I1 (reter and Thornber, 1991) .
Both angiosperms and gymnosperms contain types I and I1 LHCIIb genes (Jansson and Gustafsson, 1990) . In angiosperms, multiple factors regulate the expression of these genes. Important among these factors is light, whose effects have been shown to be mediated at least partially at the transcriptional leve1 by the photoreceptor phytochrome (reviewed by Thompson and White, 1991) and by a blue-light receptor (Marrs and Kaufman, 1991) . Etiolated angiosperms do not contain Chl and, in most cases, there is little or no expression of mRNAs encoding LHCIIb polypeptides. By contrast, corn (Zea mays) and some gymnosperms, for example, members of the division Coniferophyta such as pines (Pinus) and firs (Pseudotsuga), can express these mRNAs in a light-independent manner (Sullivan et al., 1989; Alosi et al., 1990; Yamamoto et al., 1991) . In the conifers there is also the capacity for limited Chl synthesis in the dark (Bogorad, 1950; Bogdanovic, 1973) , and the thylakoid membranes of darkgrown pine plastids contain LHCIIb complexes (Kukidome et al., 1986) . Thus, there appears to be a marked reduction in the requirement for light for Chl synthesis and the initiation of chloroplast development in these plants.
The gymnosperm Ginkgo biloba (the maidenhair tree), which is thought to have evolved more than 250 million years ago, is the sole living member of the division Ginkgophyta. It is often represented as having arisen from an evolutionary branch that also gave rise to the division Coniferophyta (conifers) based on morphological characteristics (for example, reproductive structures [Burns, 19841) or on rRNA phylogeny [Hamby and Zimmer, 19911) . Because Ginkgo is one of the oldest surviving seed-bearing vascular plants, it was of interest to find out whether this gymnosperm can also accumulate Chl and express LHCIIb mRNAs in the absence of light, or whether this capacity is restricted to the Coniferophyta. We report here the results of a study on etiolation, Chl accumulation, and expression of mRNAs en-Ginkgo biloba seed was purchased from Carter's Seed (Vista, CA) or from a local Chinese market. A small amount of the seed coat was removed near the embryo end prior to germination in !sterile vermiculite in continuous white light at 25OC or in complete darkness at 25OC. Dark-grown plants were grown in light-tight boxes and maintained and harvested under a dim green safelight. Hypocotyls and leaves were snap-frozen in liquid NZ and stored at -8OOC.
Lhcb1"Cbl lsolation and Sequence Analysis
Total RNA wiis isolated from immature seed tissue by the method of Kirby (1968) , and poly(A) mRNA was isolated by passage over an oligo(dT) column (Aviv and Leder, 1972) . Double-strandecl cDNA was synthesized and methylated and EcoRI linkers were attached using the Riboclone System (Promega, St. Louis, MO). The resulting double-stranded cDNA was digested with EcoRI and cloned into the EcoRI site of Xgtll (Promega). Escherichia coli cells (strain LE392) were infected with recombinant phage and plaques were screened in duplicate with pLhcbl*Lgl (formerly pLgAB30), a Lhcb probe from Lemna gibba (Kohorn et al., 1986) . Hybridizations were camed out at 42OC in 50% (v/v) formamide, 0.75 M NaCl, and 0.075 M trisodium citrate (5X SSC), 0.2% each of BSA, Ficoll, and PVP, and 100 pg/mL each of poly(A) and yeast tRNA. Washes were camed out at 25OC in 2X SSC/ 0.1% (w/v) SDS. The insert of a positive clone, Lhcbl*Gbl, was subcloned into pGEM7Zf (Promega) and sequenced completely in both directions using Sequenase I1 (United States Biochemical) and chain-termination dideoxy DNA sequencing (Sanger et al., 1977) . Other Lhcb sequences were retrieved from the SwissProt 23 data base using the Intelligenetics Findseq program. Sequence alignments were made using the Intelligenetics Genalign program and by visual inspection.
Measurement of Chl Concentration
Chl was measured by the method of Zeigler and Egle (1965) . Triplicate measurements were taken for each time point from three separate extracts, each prepared using a single plant.
RNA lsolation and Northern Blot Analysis
Total RNA was prepared by the following method.
Amounts given are for 1 g of tissue. Tissue was powdered in liquid NZ and thawed into 15 mL of ice-cold 4 M guanidine isothiocyanate, 100 mM Tris-HC1, 25 mM MgC12, 25 m~ EDTA, pH 8.2, and 0.01% (v/v) P-mercaptoethanol. The tissue was homogenized using a Polytron (Kinematica GMBH, Lucem, Switzerland) for 5 X 15 s on setting 7 with 30-s intervals on ice. A 1.2-mL aliquot of 25% (v/v) Triton X-100 was added and the sample was incubated on ice for 15 min, then 15 mL of ice-cold 3 M Na acetate, pH 6.0, was added and the sample was incubated on ice for an additional 15 min. The preparation was centrifuged at 15,OOOg for 30 min at 4OC, and 0.8 volumes of isopropanol was added to the resulting supematant fraction. After 5 min of incuhation on ice it was centrifuged as before. The resulting pellets were resuspended in 26.7 mL of 20 m~ Tris-HC1, 1 mM EDTA, pH 8.0, and recentrifuged to remove any particulate matter. After transfemng the supernatant fraction to a clean tube, 6 7 mL of 2 M NaCl, 250 mM Mops, pH 7.0, was added and the sample was applied to a Qiagen-tip 100 column (Qiagen, Chatsworth, CA) preequilibrated with 3 mL of 400 mM VaCl, 50 mM Mops, 15% (v/v) ethanol, 0.15% (v/v) Triton X-100, pH 7.0. The column was washed with 15 mL of 400 mM NaCl, 50 mM Mops, 15% (v/v) ethanol, pH 7.0, and the RNA was eluted with 10 mL of freshly prepared 900 mM NaC1, 50 mM Mops, 15% (v/v) ethanol, 6 M urea, pH 7.0. The RNA was precipitated by adding 1 volume of isopropanol and incubating for 10 min on ice, followed by centrifugation at 15,0008 at 4OC for 30 min. The pellet was washed with 80% (v/v) ethanol, air dried for 5 min, and resuspended in 100 pL of sterile distilled water. The RNA was analyzed on a denaturing 1 % (w/v) agarose/formaldehyde gel (Lehrach et al., 1977) and blotted directly to Nytran membrane (Schleicher & Schuell). The blot was hybridized in 50% (v/v) formamide at 37OC with [32P]dCTP or [32P]TTP (Amersham, Arlington Heights, IL) random-prime-labeled pLhcbl*Gbl or prrn26, a cDNA encoding the 26s ribojomal RNA from G. biloba (J. Silverthome, E. Chinn, and M. Grant, unpublished data). Hybridized blots were washed in 2X SSC/ 0.1% (w/v) SDS at 37OC (Lhcbl*Gbl probe), or in 0.1X SSC/ 0.1% (w/v) SDS at 7OoC (prrn26 probe).
RESULTS

Sequence Analysis of Lhcbl*Gbl
A cDNA clone encoding a LHCIIb polypeptide was isolated from a library prepared with Ginkgo seed poly(A) niRNA using a L. gibba probe (pLgAB30, now renamed pLhcbl*Lgl according to the nomenclature of Jansson et al. [1992] :1. The sequence of this clone (pLhcbl*Gbl) and the deduced amino acid sequence is presented in Figure 1 . The sequence includes both 5' and 3' untranslated regions as well as the putative transit peptide. The 3' untranslated region, unlike those of most angiosperm Lhcb sequences, contains a sequence similar to the AAUAAA consensus polyadenylation signal (Joshi, 1987) . The deduced mo1 wt of the precursor polypepiide is 28,653 and that of the predicted mature polypeptide is 24,981. There is a strong bias for G or C in the third codon position (84%), similar to the 90% reported for some monocot Lhcb genes (e.g. rice; Luan and Bogorad, 1989) , which is far more marked than the 70 to 75% preference seen for previously reported pine Lhcb genes (Yamamoto et al., 1988; Jansson and Gustafsson, 1990) . For example, the bias for the amino acids Leu, Thr, His, and Gln is 100% GC in the third position. In fact, at the nucleotide level, pLhcbl*Gbl shows the greatest identity with the monocot Lhcb sequences, presumably because of this bias (data not shown).
The deduced amino acid sequence of the transit peptide of pLhcbl*Gbl does not show a high degree of amincl acid identity with any of the published angiosperm or gymnosperm sequences along its entire length, although "homology region 11," defined by Karlin-Neumann and Tobin (1986) (SAFAG.Q), is identical with those of a dicot (petunia cab37; Stayton et al., 1986 ) and a monocot (Lemna ab19; KarlinNeumann et al., 1985) type I1 gene. Similarly, "homology region 111" (GEGRIT) is identical with that of a dicot type I1 gene (tomato cab4; Pichersky et al., 1987) . There are no such identical regions between the Ginkgo and Pinus sylvestris type I or type I1 Lkcb sequences (see fig. 3 in Jansson and Gustafsson, 1990 ). Because no function has been assigned to the amino acid differences between type I and type I1 polypeptides, it is not clear at this point whether the attachment of an apparent type I1 transit peptide to a type I mature polypeptide (see below) is significant. Figure 2 shows the alignment of this sequence with other PSII Lkcb polypeptides. It is clear from this alignment that the Ginkgo and angiosperm sequences are very highly conserved in the mature polypeptide, despite their postulated evolutionary distance. When amino acids in the mature polypeptide, which vary in a type-specific manner, were examined (Demmin et al., 1989) , the Ginkgo sequence was found to be of type I. Comparison of 13 such positions in pLhcbl*Gbl (marked in Fig. 2) between gymnosperm, monocot, and dicot type I sequences showed that 8 are conserved between a11 type I sequences, 3 are conserved between Ginkgo and the monocot/dicot sequences, and 2 are conserved between the gymnosperms. One of the two gymnospermspecific type I residues (marked O in Fig. 2) is actually a type I1 signature in a11 other angiosperm Lkcb sequences. Figure 3A shows a Ginkgo seed and seedlings germinated and grown in either total darkness or constant white light for a period of 2 weeks. The fresh seed were relatively large and could be dissected open to reveal pale green storage tissue and a poorly defined embryo. As the seed matured, the storage tissue was reduced in volume and became colorless, while a nonpigmented embryo became visible (data not shown). Seedlings germinated and grown in darkness showed complete etiolation. The hypocotyl was extended compared with the light-grown seedling and there was little or no Chl and no visible leaf expansion. When dark-grown seedlings were transferred to constant white light, hypocotyl elongation ceased while Chl synthesis and leaf expansion were initiated (Fig. 3B) . However, these processes were extremely slow and were incomplete after 7 d in the light. Our observations are in agreement with an earlier study of Ginkgo by Rascio et al. (1984) (Pichersky et al., 1985) , a monocot type I gene, Cablr, from rice (Luan and Bogorad, 1989) , and a dicot type II gene, Cab5, from tomato (Pichersky et al., 1987) . Amino acid signature sequences that distinguish between type I and type II genes (Demmin et al., 1989) are marked with an asterisk v). plastids of dark-grown plants after 7 d of greening and also in juvenile chloroplasts of light-grown plants, confirming that the transition of skotomorphogenesis to photomorphogenesis in this plant is slow compared with angiosperms (Rascio et al., 1984) . The amount of Chl present in the dark-grown and greening plants is shown in Table I . No significant amount of Chl could be extracted from dark-grown tissue. Chl accumulation was very slow in the first 2 d of greening, probably because the seedlings contained no detectable Pchlide in the dark (Mariani and Rascio, 1982) . Even after 4 d of greening, the Chl content was at most one-sixth of the level measured in light-grown seedlings. Although the Chl a:b ratios increased during greening, these also did not increase to the value measured for the light-grown tissue in 4 d.
C. biloba Etiolation 1s Similar to Angiosperm Etiolation
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Northern Blot Analysis of Lhcb mRNA Levels
Because, in contrast to conifers, Ginkgo development is light-dependent, it was of interest to see whether Lhcb mRNA levels are also regulated by light. Figure 4 shows the results of northern blot analysis of total RNA extracted from seeds and light-and dark-grown seedlings with Lhcbl*Gbl. The mRNA was expressed at very low levels in the seed, presumably in the green storage tissues present in immature seeds, and also in the dark. However, there was about 10-fold higher expression in the light-grown seedlings than in the (Fig. 4A) where the RNA loadings were approximately equivalent with respect to 25S rRNA (Fig. 4B) .
The expression of Lhcb mRNA was measured during greening to determine whether this mRNA accumulated in response to light. Figure 5 shows the results of these experiments. Although there was an increase in Lhcb mRNA relative to 25S RNA up to 3 d of greening, the levels of Lhcb mRNA declined after 4 d in the light. This decrease was observed in three independent experiments. It could result from either a light-induced increase in 25S rRNA relative to the total RNA pool after this time, or a decrease in Lhcb mRNA relative to the total RNA pool. In either event, both Chl and Lhcb mRNA increased very slowly when dark-grown plants were exposed to light and did not attain the levels seen in light-grown plants in the time period studied.
DISCUSSION
Studies dating back to the beginning of this century (Burgerstein, 1900) indicate that the seedlings of many conifers (e.g. pines, spruces, and firs) can synthesize a limited amount of Chl using a light-independent pathway that relies on Lighl Greening Figure 5 . Analysis of Lhcb mRNA levels in greening Cinkgo seedlings. Total RNA isolated from dark-grown seedlings, light-grown seedlings, and dark-grown seedlings transferred to light for 1, 2, 3, or 4 d was analyzed by agarose gel electrophoresis under denaturing conditions, blotted onto a nylon membrane, and probed with "Plabeled Lhcbl*Gbl or prrn26 insert. The amount of Lhcb mRNA in each sample was normalized to the amount of prm26 in the same sample by densitometry of autoradiographs exposed at less than saturation. Values are the means of samples taken during two identical time-come experiments.
contact with the megagametophyte tissues of the seed. Recent studies have shown that Douglas fir (Alosi et al., 1990) and Pinus thunbergii (Yamamoto et al., 1991) can express the small subunit of ribulose-1,5-bisphosphate carboxylase and LHCIIb in a light-independent manner. We report here that the ancient gymnosperm G. biloba, which is frequently classified as having a common lineage with conifers, does not have this capacity for light-independent Chl synthesis (Mariani and Rascio, 1982) , chloroplast development (Mariani and Rascio, 1982; Rascio et al., 1984) , or LHCIIb accumulation. Instead, Chl synthesis and expression of mRNAs encoding LHCIIb are strongly light dependent. These observations raise the question of where Ginkgo belongs on the evolutionary tree and when etiolation evolved with respect to Ginkgo and the angiosperms.
Ginkgo has been classified as a gymnosperm based on the morphology of its reproductive structures (strobili) and the structure of its xylem pits, which resemble conifer pits (Carlquist, 1975) , However, because it is the only surviving member of the Ginkgoaceae, there are no close living relatives that can be used to refine its position relative to other gymnosperms. A recent classification of the gymnosperms based on rRNA phylogeny placed Ginkgo as ancestral to the pines and the cycads, but in a neighbor-joining analysis, Ginkgo was found to diverge from the conifers after the cycads (Hamby and Zimmer, 1991) . In either case, the simplest interpretation of our findings would be that the etiolation response evolved with, or before, Ginkgo but was at least partially lost in the conifers. Consistent with this interpretation are the observations that some conifers show partia1 etiolation. For example, whereas Pinus roxburghii can' synthesize Chl and express LHCIIb polypeptides in the absence of light, the hypocotyls of dark-grown seedlings are much longer than in light-grown seedlings of the same age. Because suppression of hypocotyl elongation in light-grown seedlings is at least partially mediated by phytochrome in angiosperms, it appears that this response is also present in at least some conifers (J. Silverthome, W. Peer, and E. Chinn, unpublished data).
An unexpected finding during these studies was the very slow accumulation of Chl and Lhcb mRNA in dark-grown seedlings exposed to light. Dark-grown angiosperms exposed to light typically complete the greening process within the time period studied here (7 d), as judged by Chl content and accumulation of nuclear-encoded chloroplast mRNAs, although this depends on the individual species. For example, in barley, Lhcb mRNA levels are considerably higher in lightgrown seedlings than in etiolated seedlings (Apel, 1979) , and a red-light pulse given to etiolated seedlings increases Lhcb mRNA levels in as little as 30 min (Batschauer and Apel, 1984) with maximal effect after 8 h. This change is mediated at the transcriptional leve1 by phytochrome, with the peak transcription rate about 3 h after the red-light pulse is given to etiolated plants (Mosinger et al., 1985) .
By contrast, etiolated pea seedlings already contain substantial amounts of Lhcb mRNA without any light treatment, and there is a lag in further increase in Lhcb mRNA levels in response to light, possibly, as the authors suggest, because LHCIIb polypeptide accumulation is linked to chloroplast development (Thompson et al., 1983) . It is possible that LHCIIb polypeptide accumulation and chloroplast development are also linked in Ginkgo and that chloroplast development is the limiting step. In addition, because etiolated Ginkgo plants (unlike most angiosperms) lack Pchlide (Mariani and Rascio, 1982) , there is a lag phase in chloroplast development while Chl is accumulated. The potential roles of these factors in the regulation of Lhcb gene expression at both transcriptional and posttranscriptional levels in Ginkgo are currently under investigation.
